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Abstract. Neutral particles with long decay paths and many particles in the final state represent, from an experimental point
of view, a challenge both for the trigger and for the reconstruction capabilities of the ATLAS detector. The Hidden Valley
scenario is an excellent framework to explore the challenges posed by long-lived neutral particles. In this paper we present
strategies to select such events, in particular for the Higgs boson decays, with special attention to trigger level problems.
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INTRODUCTION
A number of extensions of the Standard Model (SM)
result in particles that are neutral, weakly-coupled and
have macroscopic decay lengths that can be comparable
with LHC detector dimensions. These long lived parti-
cles occur in many models: gauge-mediated SUSY ex-
tensions of the MSSM, MSSM with R-parity violation,
split SUSY, inelastic dark matter, unparticles and Hidden
Valley scenarios (HV) in which a new sector is weakly
coupled to the Standard Model.
Neutral particles with long decay paths and large
decay multiplicities are experimentally challenging for
both trigger and offline reconstruction of ATLAS. In the
following we discuss how to detect these signatures, in
a way as independent as possible of theoretical models
focusing on Higgs boson decays in a HV scenario.
HIDDEN VALLEY MODELS
A Hidden Valley Sector (v-sector in the following) is ap-
pended to the Standard Model and a communicator in-
teracts with both sectors[1, 2]. Some examples of pos-
sible communicators are Higgs bosons, Z’, LSP,... A
barrier (the communicator’s high mass, weak couplings,
or small mixing angles) weakens the interactions be-
tween the two sectors, making production even of light
v-sector particles ( v-particles) rare at low energy. At
LHC energies, by contrast, production of v-particles may
be observable. For our current study we take a v-sector
that contains gauge bosons and matter (v-gluons and v-
quarks). We emphasize that in this model all the v-quarks
and v-gluons are neutral under the Standard Model inter-
actions. Therefore, all v-particles are essentially invisible
to ordinary matter unless they decay to SM particles The
communicator in this study is a Higgs boson. The pseu-
doscalar v-particle denoted by piv decays to heavy quark
and lepton pairs (bb¯,ττ¯).
In this study we have focused on the process h →
pivpiv→ bb¯bb¯ at low hmass, where the experimental chal-
lenges for the detector are greatest. The Higgs boson is
produced via Standard Model mechanisms (Gluon Fu-
sion, Vector Boson Fusion,...). For a Higgs boson with
small mass (mh < 160 GeV), the width is generally small
due to the small Yukawa couplings of the b quarks. Since
the Higgs boson communicates with the v-sector, its de-
cays in v-particles are dramatically increased resulting
in a large branching fraction for the decay (h→ pivpiv).
Similar studies with other communicators are under way.
The model parameters used for Higgs gluon fusion pro-
duction are Mh = 140 GeV and Mpiv = 40 GeV. The piv
decay length is chosen to be cτ = 1500 mm, resulting in
∼ 40% of the decays in the ATLAS Inner Detector (ID),
∼ 48% in the Calorimeter and the remaining ∼ 12% in
the Muon Spectrometer (MS) systems.
FIGURE 1. ATLAS event display (Atlantis) for the process
h→ pivpiv. One of the piv decays in the MS (A) while the other
decays in the hadron calorimeter (B).
TRIGGER SELECTION
A typical h→ pivpiv event in the ATLAS detector is shown
in Fig. 1. Because of the displaced vertices the stan-
dard interaction point oriented triggers are not expected
to be efficient. Efficiencies using current ATLAS trigger
chains are shown in Table 1. A signature driven trigger
strategy is therefore required. A description of the AT-
LAS trigger system can be found in [3].
TABLE 1. Level-1 and Level-2 Trigger Ef-
ficiencies (%) for h→ pivpiv. Efficiencies are
normalized to the whole sample.
Process Current ATLAS Trigger (%)
Jet Muon Total∗
h † 4.4 2.2 4.7
∗ Overlap removed
† Gluon fusion production
Decays in the Calorimeter
HV events with decays in the calorimeters are charac-
terized by jets with few or no tracks and typical energy
deposition pattern. We recall that calorimeter triggers are
based on the energy of the reconstructed jet at the trig-
ger level[4]. These events have little energy deposited
in the first section of the electromagnetic calorimeter.
This leads to jets with a significant fraction of energy
deposited in the hadronic calorimeter. The log of the
hadronic to electromagnetic energy ratio for jets from piv
decays as a function of its decay distance is shown in Fig.
2. As the piv decays closer to the end of the electromag-
netic calorimeter, the ratio changes from a characteristic
negative to a positive value.
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FIGURE 2. log10(EHad/EEm) vs. piv decay distance.
The main background to this selection criterion are
QCD dijets. To increase the rejection of this background
we require that no tracks are reconstructed by the Level-
2 tracking algorithm in a region 0.2× 0.2(∆η × ∆φ)
centered on the jet cone axis. The selection is therefore:
• At Level-1, we select events that fired the small-
est energy threshold unprescaled jet trigger. Typical
trigger thresholds at high luminosity are at least one
jet with ET > 160 GeV or at least two jets with ET >
120 GeV or at least three jets with ET > 65GeV.
• At Level-2, events satisfying the above Level-1 cri-
teria must satisfy the log10(EHad/EEm) > 0.5 cut
and no tracks found by the Level-2 tracking algo-
rithm in a region 0.2× 0.2(∆η ×∆φ) centered on
the jet cone axis.
The efficiencies of the trigger jet selection evaluated
for h→ pivpiv are shown in Table 2.
Decays in the Muon Spectrometer
The ATLAS Level-1 muon trigger uses RPC (barrel)
and TGC (endcap) chambers. Complete reconstruction
is done at Level-2 using precision measurements from
MDT and CSC chambers and ID measurements[3].
Events with a piv that decays in the MS are character-
ized by many charged tracks that give a cluster of hits in
the muon chambers resulting in many Level-1 candidates
(Fig. 1) centered around the piv line of flight. Such events
have small energy deposition in the calorimeters and no
tracks reconstructed in the ID.We therefore expect a poor
Level-2 trigger efficiency for these HV events. In Fig. 3
we show the average number of Level-1 muon candidates
contained in a cone of radius ∆R= 0.4 around the piv line
of flight, as a function of the piv radial decay distance. As
the piv decay vertex approaches the end of the hadronic
calorimeter (R ' 4.5 m), the average number of muon
candidates contained in the cone increases dramatically.
The mean number of Level-1 muon candidates plateaus
at ∼ 3.5 until the piv decays approaches the first trigger
plane (∼ 7.0m), at which point the charged hadrons are
not spatially separated enough to give multiple Level-
1 candidates. If the decays occur after the first trigger
plane, there is no Level-1 muon trigger. However, the
piv decays in the region between the end of the hadronic
calorimeter and first trigger plane of the muon spectrom-
eter are characterized by an anomalously large number
of Level 1 muon candidates clustered in a small region
of η ,φ space.
This suggests the following selection criteria:
• At Level-1, we select events that have at least
two muon candidates with the smallest momen-
tum threshold or one muon with larger momentum
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FIGURE 3. Average number of Level-1 muon candidates
contained in a cone of ∆R = 0.4 around the piv line of flight
vs piv decay distance in h→ pivpiv process.
threshold1.
• At level-2, at least three Level-1 candidates forming
a cluster with ∆R= 0.4 is required.
• To reject QCD dijets events with late jet hadronic
shower development causing punchtrough in the
MS, we require that no jets are within a cone radius
of ∆R= 0.7 of the Level-1 muon cluster.
The efficiencies of the signature driven trigger selection
evaluated for h→ pivpiv are shown in Table 2. The pro-
posed trigger is is able to identify ∼ 9/12 of the piv de-
cays beyond the hadron calorimeter.
Decays in the Tracker Region
Displaced decays in the TRT result in low tracking
efficiency because tracking requires seed hits in the pixel
and silicon strip layers. This suggests that a jet with no
tracks reconstructed at Level-2 may be a good trigger
object to select piv that decay beyond the pixel layers.
To reduce background we require that a Level-1 muon is
contained in a jet cone, which selects a semileptonic b-
decay. We define the trackless jet with a muon trigger as:
a jet with ET > 35 GeV, with zero reconstructed tracks
with PT ≥ 1 GeV/c and a Level-1 candidate contained in
the jet cone (∆R = 0.4). The efficiencies of this trigger
are shown in Table 2. With these new triggers ATLAS
will be able to select ∼ 20% of events with displaced
decays from h→ pivpiv→ bb¯bb¯.
We have evaluated on a sample of QCD dijet the
trigger rate contribution, after Level-2 selection proposed
here, that amounts to ∼ 6 Hz forL = 1033cm−2s−1.
1 For high luminosity the signature requires at least two Level-1 can-
didates with pT ≥ 6GeV/c
Massive particles with macroscopic decay lengths
might have velocities sensibly smaller than one causing
timing issues for the calorimeter and muon triggers. Af-
ter preliminary studies, we have measured that ∼ 80%
of piv with M(piv) < M(h)/3 will reach the calorimeters
within ∆(t) < 3 ns while ∼ 95% of them will reach the
MS within a ∆(t) < 6 ns. Recalling that the LHC bunch
crossing interval is 25 ns we can conclude that for the
model parameters presented here, trigger timing is not a
crucial issue.
TABLE 2. Level-1 Level-2 Trigger Efficiencies (%)





/Em) less jet Cluster
h∗∗ 5.0 3.8 9.0 15.7 18.5
∗∗ Gluon fusion production
∗ Overlap Removed
† Including Table 1
CONCLUSIONS
Long lived particles predicted by a number of SM exten-
sions are challenging to the ATLAS detector, in particu-
lar for the online trigger selection. We have shown that
implementing new signature based triggers increases the
efficiency to select h→ pivpiv→ bb¯bb¯ events with a negli-
gible background rate from SM processes. Further strate-
gies, not discussed in these proceedings, are required for
the Event Filter (the last trigger step) and for offline data
analysis.
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